This letter presents the error vector magnitude (EVM), intermodulation (IM), and radiation performances of a reconfigurable antenna capable of varying its bandwidth between 3.4-3.6 and 3.1-3.9 GHz bands, and steering its main beam into three directions pertaining to θ ∈ {−30 • , 0 • , 30 • } and φ ∈ {0 • } for each band. Two parasitically coupled reconfigurable layers located on top of a driven antenna used in conjunction with a reconfigurable feed layer employing p-i-n diode switches enable a concurrent configuration of an impedance bandwidth and a radiation pattern. The maximum realized gain of ∼9 dB has been achieved for all modes of operation as shown by measurements and simulations. Measurements indicated less than −25 dB (5.6%) EVM for input powers up to 30 dBm and revealed that the combined effects of loose solder joints and large nonlinear response of p-i-n diodes are the main factors resulting in passive IM products. Index Terms-Error vector magnitude (EVM), multifrequency antennas, passive intermodulation (PIM), reconfigurable antennas (RAs).
I. INTRODUCTION
T HE multilayer reconfigurable antenna (RA) based on a reconfigurable parasitic layer technique presented in this letter is capable of performing both wide-and narrow-bandwidth operations, while at the same time providing beam steering toward three different directions. Achieving a concurrent bandwidth and pattern reconfigurability in a single compact platform is novel in that it provides advantages in effective sensing, transmission, and frequency reuse [1] - [3] .
The reflection coefficient and the radiation pattern are most commonly used to characterize antennas. Determining the benefits of RAs used in a transceiver system requires characterizing the impacts that an RA has on the error vector magnitude (EVM) used as a measure to quantify the performance of a transceiver. Also, signal distortion due to intermodulation (IM) products, whether it is passive IM (PIM) or is due to active elements, such as p-i-n diodes used in an RA, needs to be measured. Although for traditional nonreconfigurable antennas, some works investigated EVM [4] , [5] and PIM [6] , [7] ; this has not been done for RAs. To that end, this letter puts a great deal of efforts on characterizing the IM and EVM performances of the proposed RA. The main novelty of the presented RA is its capability to achieve a simultaneous configuration of the impedance bandwidth and the radiation pattern by jointly using three reconfigurable layers, which are reconfigurable patch, pixel, and feed layers, as explained in Section II. Maintaining a high realized gain (∼9 dB) for all modes over the whole operational bandwidth is another important property achieved by this compact RA structure.
II. ANTENNA STRUCTURE AND RADIATION CHARACTERIZATION
The geometry of the RA and pixels interconnected by p-i-n diodes is shown in Fig. 1 layers, namely feed, driven antenna, parasitic patch, and parasitic pixel layers. The working mechanism of this RA is based on the well-established reconfigurable parasitic layer approach [8] . Connecting and disconnecting the grid of 3 × 3 and 3 × 2 metallic pixels placed on the upper surfaces of the parasitic patch and pixel layers, respectively, and also controlling a single p-i-n diode inserted in the microstrip feedline enables to achieve the reconfigurable modes of operations in terms of the bandwidth and beam direction. The switch statuses and corresponding modes are given in Table I. A prototype RA was fabricated using standard printed circuit board fabrication processes and measured. p-i-n diode switches are numbered in Fig. 1 as S i (i = 1, . . . , 6), where S i (i = 1, 2, 3, 4) are the switches integrated on the parasitic pixel layer, S 5 represents the 12 switches used in the parasitic patch layer, and S 6 is the switch integrated on the microstrip feedline. The simulated and measured reflection coefficients and realized gain patterns for modes 1-6 are shown in Fig. 2 with good agreement between simulations and measurements. As predicted by simulations, the measured results show that modes 1-3 and modes 4-6 correspond to narrowband (3.4-3.6 GHz) and broadband (3.1-3.9 GHz) operations, respectively. The maximum realized gain is ∼9 dB for all modes. 
III. EVM AND PIM CHARACTERIZATION

A. EVM Characterization
EVM is commonly used to quantify the performance of a transceiver system, where the relative positions of the constellation points of ideal and nonideal cases considering nonideal factors are measured and compared. To determine the impact that the presented RA has on the EVM, a measurement setup consisting of a vector signal generator (VSG) [9] and a spectrum analyzer (SA) [10] , as shown in Fig. 3(a) , is used. In this setup, the VSG is used as a transmitter, where a quadrature amplitude modulation-64 signal in the desired 3.5 GHz band is generated and is received by the SA. Only one modulation scheme is used as it has a little impact on the EVM in either high-or low-distortion environment [11] . Before characterizing the EVM performance of the RA, the measurement setup was validated by performing two preliminary tests. In the first test, the VSG was directly connected to the SA, and the EVM was measured as a function of the input power (P in ). It was observed that the measured EVM is below −37 dB (1.4%) for the range of P in −25 dBm < P in < 0 dBm. The degradation of the EVM corresponding to P in < − 25 dBm is due to the reduction of the signal-to-noise ratio, and for P in > 0 dBm, there is a compression caused by the SA. Therefore, the measurement setup was adjusted to provide a range of P in values, −25 dBm < P in < 0 dBm, into the SA, which results in a 25 dB measurement range and −37 dB floor level. The second preliminary test was performed to assess the effect of the power amplifier (PA) [12] that was used in the RA measurements. The result revealed that the PA does not have a significant impact in the degradation of the EVM for output powers (P out ) < 25 dBm. However, the nonlinearities of the PA introduce a degradation for P out > 25 dBm reducing the measurement range to 20 dB for EVM < − 37 dB. As a reference, the EVM of a passive ridge-horn antenna was first measured, which also served to verify the setup. Measured results for different modes of the RA and for the horn are shown in Fig. 3(b) . Some degradation in the EVM corresponding to RA modes as compared to the EVM of the passive horn was observed. This degradation is due to the use of the p-i-n diode switches in the RA.
The EVMs corresponding to modes 1-3 and modes 4-6 exhibit similar behaviors, where the EVMs of modes 4-6 are degraded slightly more than those of modes 1-3. As shown in Table I , for modes 5 and 6, there are 14 switches in ON state, with two being on the parasitic pixel layer and 12 being on the parasitic patch layer. For mode 4, there are 12 switches, which are all on the parasitic patch layer, in ON state. The EVMs of modes 5 and 6 are almost identical, while the EVM of mode 4 is slightly better. These results indicate that the impact of two switches on the parasitic pixel layer is less as compared to the impact of the p-i-n diodes on the parasitic patch layer. The impact of the switches of the patch layer being more is due to two main factors: 1) larger number of switches, i.e., 12 versus 4; and 2) the closer proximity of the parasitic patch layer with the driven patch layer. For modes 2 and 3, there are three switches (two on the parasitic pixel layer and one on the microstrip feedline) in ON state, while for mode 1, there is only one switch (on the microstrip feedline) in ON state. The EVM of mode 1 is slightly better than those of modes 2 and 3. These results also indicate that the impact of the switches of the parasitic pixel layer is relatively less. However, the impact of the single switch on the microstrip feedline (S 6 ) is possibly larger than those of the parasitic pixel layer switches. To further investigate the impact of S 6 , the EVMs of three additional modes have been measured. These modes and their corresponding switch statuses are given in Table I . Note that these additional modes (modes 11, 22, and 33) have the same switch status with the modes 1-3, except that S 6 is in OFF state. As seen from Fig. 3(b) , the EVMs of modes 11, 22, and 33 are very close to that of a passive horn antenna. These results further indicate that the single switch on the microstrip (S 6 ) plays a substantially larger role on the EVM performance than those of the four switches on the parasitic pixel layer.
The EVM characterization of the RA has revealed that the switch location in an RA architecture is as critical as the number of switches used. The impact of the interconnecting switch is increased when it is integrated into a region with increased RF signal strength. This is the case for S 6 integrated on the microstrip feedline. This also shows that the parasitic layer approach in the RA design is an effective method as the degradation in the EVM due to the switches integrated into the parasitic pixel layer is negligible. It is worth noting that for P in > 25 dBm, the EVM measurements show the combined effect of the PA and the RA. Despite some degradation, for all six modes of operations, the EVM of the RA is less than −25 dB (5.6%) for P in ≤ 30 dBm, which is a good reference level for device validation purposes.
B. IM Characterization
IM products are generated due to the presence of nonlinearity, when a two-tone input signal of two closely spaced carriers at frequencies f 1 and f 2 feeds the antenna. The nonlinearity is either due to the use of nonlinear components such as p-i-n diodes or passive factors such as oxide layers that may exist between metal-to-metal contacts, electrothermal effects, poor solder joints, and the use of ferromagnetic materials, i.e., nickel and steel. If IM products are located in the frequency band of interest, they cause interference with the desired signal, resulting in distortion, which reduces receiver sensitivity. Also, it is worth noting that nonlinear p-i-n diodes, even unpowered or reverse biased and in the absence of PIM effects, may cause considerable nonlinear distortions [13] - [15] .
The IM characteristics of the presented RA were measured by using the setup shown in Fig. 4 . Two synthesizers [9] are used as sources to generate two carrier tones, where each individual tone is then amplified by a PA [12] . An isolator [16] is connected at the output of each PA to isolate them from the changes in the amplifier load conditions. The amplified carriers are combined by a combiner [17] and then fed to the RA through a directional coupler [18] . The directional coupler captures the signals reflected by the RA and channels them to the SA [10] , where the IM products are measured. A 20 dB attenuator is placed on the signal path going from the directional coupler to the SA so that the SA works within the adjusted optimum input power range (−25 dBm < P in < 0 dBm). The sensitivity of the measurements, which is determined by the measurable lowest power value of the IM product, is limited by two factors. One is the noise floor of the SA, which depends on its noise figure and the resolution bandwidth of the measurement, which can be as low as 10 Hz. The second limiting factor is the IM product generation by the internal mixer of the SA itself. From the specifications of the SA [19] , where the optimum incident power on the mixer (−35 dBm for 10 Hz resolution bandwidth) and the dynamic range (95 dB) are given, the sensitivity of our measurements is −130 dBm.
At first, the measurement setup has been calibrated at 3.5 GHz in terms of RF losses and power readings of the SA. To this end, the output powers of the synthesizers have been calibrated so that the individual signal power at carrier frequency incident on the RA is adjusted to 30 dBm. Sources 1 and 2 are set at 3.5 GHz + f 2 and 3.5 GHz − f 2 , respectively, while the IM product is measured for the band 3.5 GHz − 1.5 f f 3.5 GHz + 1.5 f . The measured PIM revealed that the actual sensitivity of the measurement setup is approximately −110 dBm. Fig. 5 shows the measured IM power in dBc (relative to carrier power) as a function of f for different modes of the RA. The IM performance of a legacy patch antenna, which is obtained by removing the parasitic layers and the single p-i-n diode on the microstrip feedline (S 6 ) of the RA, was also measured and used as a reference. All the RA modes show relatively high IM power compared to the legacy patch antenna, which is expected due to the use of a substantial number of switches in the multilayer RA.
Modes 4-6 show the largest degradation in the IM performance. While modes 4 and 6 show very similar behaviors with mode 4 performing slightly better, mode 5 has relatively higher IM power. As seen in Table I , these modes have the largest number of switches in ON state, where mode 4 uses 12 ON-state switches (all on the parasitic patch layer) and modes 5 and 6 use 14 ON-state switches (two on the parasitic pixel layer and 12 on the parasitic patch layer). The small degradation in IM performance of mode 6 as compared to mode 4 is as expected and can be attributed to the two ON-state switches of the parasitic pixel layer (S 1 and S 2 ). Mode 5 for which the other two parasitic pixel-layer switches (S 3 and S 4 ) are in ON state, exhibiting higher IM power than that of mode 6, is an indication that switches S 3 and S 4 may have loose solder joints. Nevertheless, these results indicate that the degradation in IM performance due to the parasitic pixel layer switches is smaller as compared to the switches on the parasitic patch layer, which was the case for EVM performance as well.
The performances of modes 1-3 are expected to be similar, as for these modes, the number of switches in ON state is very close (one for mode 1 and three for modes 2 and 3). However, while modes 1 and 3 exhibit similar IM performances, with mode 1 performing slightly better as expected, the performance of mode 2 is surprisingly poorer. As in the case of mode 5, this relatively high difference between modes 2 and 3 can be attributed to the poor solder joints of parasitic pixel-layer switches of mode 2 (S 3 and S 4 ), which is known to substantially increase the PIM power due to electrothermal effects. The difference between modes 1 and 3 being very small indicates that the impact of ON-state parasitic pixel-layer switches (S 1 and S 2 ) on IM performance is smaller than that of the single switch on the microstrip feedline.
To further investigate the individual roles that the interconnecting switches and parasitic layers play on the IM performance, three additional modes (modes 11, 22, and 33) were again measured. Mode 11 with all switches in OFF state shows the smallest IM power, which is approximately −55 dBc, as expected. Mode 33 with S 1 and S 2 being in ON state shows very similar behavior to that of mode 11. Mode 22 exhibiting unexpectedly higher IM power in comparison to modes 11 and 33 is similar to the behavior of mode 2 in comparison to modes 1 and 3. Approximately 40 dB difference observed between legacy patch (IM = ∼ −95 dBc) and the RA with all switches in OFF state (mode 11 with IM = ∼ −55 dBc) can be attributed to the combined effects of the passive factors, such as loose solder joints and electrothermal effects, and large nonlinear response of p-i-n diodes even in an unpowered or reverse-biased condition. Around 30 dB difference observed in IM powers between the best mode (mode 11) and the worst mode (mode 5) is due to the combination of the activations of nonlinear switches and aforementioned passive factors. Also, it is worth noting that the impact of an ON-state switch on PIM can be higher than that of an OFF-state switch, as the ON-state switch current increases the electrothermal effects.
The IM powers of modes 1 and 3 are ∼15 dB larger than those of modes 11 and 33. As the only difference between these two sets of modes is S 6 being in ON state for modes 1 and 3, this 15 dB degradation can be attributed to the operation of S 6 . As in the case of the EVM, S 6 integrated on the feed layer, which is exposed to relatively higher RF power, plays a significant role on IM performance as well. The IM powers of modes 4-6 (∼ −28 < IM < ∼ −35 dBc) indicate that the parasitic pixel layer switches play a relatively smaller role as compared to the 12 switches of the parasitic patch layer on IM performance.
IV. CONCLUSION
Transceivers equipped with RAs performing concurrent configuration of the impedance bandwidth and the radiation pattern possess some key advantages. Characterization of such RAs using p-i-n diodes in terms of system-level parameters, such as the EVM and the PIM, is needed to determine the overall benefits of the RAs. For the presented RA, for all six modes of operations, the measured EVMs were less than −25 dBm (5.6%) for an input power of 30 dBm. These results revealed that the roles that both the number of switches and their locations in the RA structure play on the EVM are equally important. The measured results for the IM characterization reveal that the overall IM performance is contributed by the combined effects of the passive factors, such as loose solder joints and electrothermal effects, and the inherit nonlinear nature of p-i-n diodes. As the distortive effects on the RA performance due to the inherit nonlinear nature of p-i-n diodes are unavoidable, it becomes important to minimize the effects resulting from nonlinear passive factors, such as loose solder joints and electrothermal effects. To this end, using effective multilayer printed circuit board manufacturing processes involving precise and high-yield pick/place procedures in mounting p-i-n diodes into the parasitic layers becomes critically important. The overall results showed that the parasitic pixel layer approach in implementing RAs is an effective approach as the degradation in the EVM and PIM due to parasitic pixel-layer switches is minimal.
